Microelectromechanical sensors, ADXL5O and XMMAS40G accelerometers which are fabricated with surface micromachining techniques are characterized for their total dose radiation response. Different failure mechanisms were observed when the sensor element or the whole device was irradiated.
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plate. The polysilicon sensor has a thickness of 2 pm and the air gap between afixed and amovable electrode is 1.3 pm [2] . When an acceleration is applied, the common central plate (beam) moves closer to one of the fixed plates while moving further from the other. The output amplitude increases with the amount of acceleration applied to the sensor.
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The Motorola XMMAS4OG is a silicon capacitive, micromachined accelerometer. It consists of a single polysilicon seismic mass which is suspended between two €xed polysilicon plates (G-cell). The 6-cell is sealed at the die level, creating a particle-free environment. The full-scale range is +40 g and the sensitivity ofthe device is 35 mV/g. The device is fabricated with a commercial CMOS process.
A special test set-up employing a variable speed rotating arm was fabricated using a slip-ring assembly, dc motor, and other equipment to measure the linearity of the sensitivity of the accelerometer. The device under test was located at one end of a 10" rotating arm. The output voltage, reference voltage, and Vpr were measured at various acceleration levels with an HP345 SA precision DMM. Negative g-levels were measured by changing the device orientation 1 80" at the end of the 10" arm.
Radiation tests of the entire device were performed using JPL CO-60 sources and high energy (1 55 MeV) proton accelerator at Indiana University. Localized irradiation of only the sensor element was done with a Scanning Electron Microscope (SEM) and low energy (5.5 MeV) proton accelerator at Caltech.
TEST RESULTS

a) Analog Devices ADXLSO
Cobalt-60 Test Results
Three devices were irradiated at a dose rate of 25 rad(Si)/s with the P L CO-60 room type irradiator in a static (nonrotating) condition (1 g was applied in this static condition from the Earth's gravitational field). Normal electrical bias was applied. At levels between 5 and 20 krad(Si) the device continued to operate with a slight shift in output voltage, causing small offset errors. At higher levels, an unusual failure mode developed, as shown in Figure 3 . The output voltage was initially stuck at a low voltage (50 mV). It remained stuck when the device was accelerated to g-levels below 30 g. However, normal operation could be restored by accelerating the device to a sufficient high g-level (approximately 30 g). The devices remained functional from +50 g level to -50 g level as long as the device power supply was on. However, once the power supply voltage was removed, the output voltage reverted to the stuck mode. Normal operation could again be restored by accelerating the device to 30 g, but the device always returned to the stuck mode once power was removed. This suggests that the device would no longer be functional in most applications unless very large accelerations were applied.
As shown in Figure 1 , the pin configuration of this circuit allows separate measurements of the buffer amplifier. Input offset voltage, input bias current, and output voltage of the output buffer amplifier were measured, but insignificant degradation was observed after irradiation. The 3.4 V reference voltage showed no degradation at all.
Electrical parameters of irradiated devices did not show any indication of annealing after 24 hours at room temperature, after they were irradiated to 25 krad(Si). However, a device recovered fully after 144 hours at 100 "C. This device was irradiated further to observe the failure mechanism at higher total dose level. The device was functional until it was exposed to an additional 15 krad(Si), 40 krad(Si) total. It failed similarly as before, but in this case it recovered within 1 hour of room temperature annealing. The other device was subjected to 168 hour of 100 "C annealing period to observe any rebound effects. No rebound was observed. The annealing test results imply that this BiCMOS accelerometer may withstand much higher total dose irradiation at a low dose rate.
A static functional test was performed using the self-test function. This test can be used to verify the functionality of the device statically when the dynamic linearity test system is not available. When a logic high voltage is applied to the self-test input, an electrostatic force is applied to the sensor so that the sensor will be in a full-scale output state (50 g level). A correctly functioning accelerometer will respond by initiating about -1 volt output change at Vpr. The output will return to 0 g level when the selftest input level goes low. Figure 4 shows test results of a control device and irradiated devices at 25 krad(Si) using the self-test function. The plot of Vpr and Vout of the control device (dotted line in Figure 4 ) indicates that the device functions properly. Vpr changes from 1.8 V to 0.8 V andthe outputjumps from 0 g-level voltage to +50 g-level voltage when the self-test voltage is applied. Vpr of irradiated devices degraded significantly after 25 krad(Si); 1.8 V of the initial value decreased to 1.5 V. However, the Vpr of both irradiated devices still responded to the applied self-test input voltage. The output of one device (solid line in Figure 4 ) shows a partial functionality when the self-test input is high (5 V), but it was non functional ..""" when the selftest input is low (0 V). The output of another device stuck at low (dashed line in Figure 4 ) and did not responded to the self-test input at all at 25 krad(Si).
The internal reference voltage and the buffer amplifier showed insignificant degradation during total dose irradiation. However, the output voltage of the pre-amplifier, Vpr, degraded significantly with radiation and showed rapid annealing after high-temperature annealing, although it did not anneal at room temperature withbias. These results are shown inFigure 5. Note that the pre-amplifier and the output buffer amplifier are identical op-amps. However, the sensor output is directly connected to the input of the preamplifier, whereas the input of the buffer amplifier is a user input to set the gain and offset of the transfer curve of the device. It is clear that when Vpr degrades and reaches a certain value, below 1.5 V, then the device is non functional. The 3.4 V reference voltage output changed less than 1 mV after irradiation, as shown in Figure 5 .
After high temperature annealing, Vpr values recovered to the initial values and devices functioned properly. This annealing behavior indicates that electronic circuit degradation caused the Vpr-related failure after irradiation rather than the electromechanical element. 
SEA4 Irradiation Result
A SEM irradiation technique was used to irradiate only the sensor portion of the ADXL5O using a method previously developed [3-51. The dose rate of 1 krad(Si)/s was calculated based on the area of the sensor which was to be irradiated and beam current was set accordingly with the 30 KeV beam voltage.
The linearity curve of the device did not show any nonlinearities up to the dose level of 50 krad(Si). However, it showed offset errors, in other words, the curve shifted up along the y-axis as in Figure 6 . Note that the hysteresis like response when the whole device was irradiated as shown in Figure 3 was not observed when the only sensor was irradiated. The linearity curve shifted up to the final dose level of 50 krad(Si). Vpr also showed significant degradation during SEM irradiation and it is shown in Figure 7 . Vpr changed from 1.765 V initial value to 0.826 V at 50 krad(Si) and the device was still hctional at the low value of Vpr unlike the total dose test results when the whole device was irradiated. After 50 krad(Si) of SEM irradiation, the Vpr was less than 1 V which means that the self test function would fail at this level of radiation. Vpr of 0.83 V changed to 0.13 V when a logic high was applied at the self test input. However, this is less than the electrical specification, which requires that Vpr be reduced by one volt. In this case the Vpr reached the saturation limitation and failed the self-test function test. However, the overall transfer curve shiftedupward from the initial curve and the device remained functional as shown in Figure 6 even though the self-test function test failed.
Low Energy Proton Test Results (Localized Irradiation)
The sensor element was locally irradiated to 100 krad(Si) with 5.5 MeV protons using the Pelletron accelerator at Caltech.
The lid of the device was removed and an alumhum collimator with a 20 mil diameter hole directly above the sensor was used to cover the device. The accelerometer was statically biased and Vpr and Vout were monitored during proton irradiation. Unlike previous total dose test results, Vpr increased severely at 20 krad(Si) as shown in Figure 8 . Note that Vpr decreased with cobalt-60 irradiation when the sensor was irradiated. The reference voltage was measured as a calibration check and showed insignificant degradation up to the final total dose level of 100 krad(Si).
Even after the Vpr increased to 2.46 V at 100 krad(Si), the device remained functional. The Vout vs. g-level transfer curve shifted down about 0.5V as shown in Figure 9 . This is an opposite result to the total dose test result and SEM localized test results which showed the Vpr decreased and Vout transfer curve shifted upward. The hysteresis effect that was observed during total dose irradiation with whole device was not observed with this localized sensor only irradiation with protons. 
High Eneray Proton Test Results
High energy proton irradiation tests were conducted with 155 MeV protons at Indiana University. Only one radiation level [ 100 krad(Si)] was used. Two devices [serial numbers (sn) 1 and 21 were irradiated to 100 krad(Si) with 155 MeV protons and had not been previously irradiated. The sensor element of another device, sn 3, had been previously irradiated with 5. MeV proton up to 100 krad(Si). It was irradiated to an additional 100 had(%) with high energy protons, but now the entire device was irradiated, not just the sensor. For all three devices, Vpr increased about 400 mV from the initial value and output voltages decreased to 0.115 V from 2.49 V initial value after irradiation. Previous tests had shown that Vpr degraded in a similar way when the sensor was locally irradiated with 5.5 MeV protons. However, when the entire device was irradiated the reference voltage degraded significantly, increasing to 4.0 V from 3.4 V initial value. This is the first test result that showed significant degradation in the reference voltage. This degradation is due to the proton displacement damage response of the bipolar reference voltage circuit of the device; no significant changes were observed in the reference voltage when devices were irradiated with cobalt-60 gamma rays.
The other device that was initially unirradiated behaved differently, as shown in Figure 10 . The output of sn 2 shifted upward, with hysteresis-like effects that were similar to results after gamma irradiation. However, after proton irradiation the device would only function at accelerations above 30 g, unlike the gamma results where the device would function at lower g levels after it was accelerated to 30 g or more under bias (see Figure 3) . This difference may be due to the different radiation levels [ 100 had(%) with protons, and a maximum level of 25 krad(Si) with gamma rays] rather than inherent differences in the response of the device to the two different environments.
Figure 10 also shows the results for sn 3, which had been previously irradiated with 5.5 MeV protons. After the initial (localized) irradiation to 100 krad(Si) the transfer curve of sn 3 shifted up, similar to the result after whole-chip irradiation for sn 2, but without any hysteresis. When an additional 100 krad(Si) was applied to sn 3 (irradiating the entire device) resulting in 200 krad(Si) on the sensor), the transfer curve of sn 3 shifted down and the hysteresis-like response occurred.
Low Dose Rate (LDR) Test Results
Devices were irradiated at 0.005 rad(Si)/s and statically biased during irradiation. The JPL LDR Co-60 room type irradiator was used for irradiation. Vpr increased about 58 mV and the reference voltage remained unchanged up to the total dose level of 25 krad(Si) and did not display the hysteresis-like behavior that occurred for devices irradiated at high dose rate. Two different date codes were evaluated for LDR testing. Both date codes, 9403 and 9602 remained functional up to 25 krad(Si). Figure 1 1 compares transfer functions at 25 krad(Si) at low and high dose rate. changed from 4.86 V to 27 mV and remained nonfunctional after 168 hours 100 "C annealing.
After the high temperature annealing test, a peculiar postirradiation lockup condition was observedTor this device. When a device was accelerated to about 40 g level and stayed about 20 seconds, the output jumped back to 3.505 V which indicates that the device is nonfunctional. The supply current increased from 3.4 mA to 112 mA. The nominal supply current was about 3.5 mA throughout full-scale-output g-levels. Then, the power supply was removed and reapplied for several seconds. The output stayed at 27 mV and the supply current was 3.03 mA. The power supply was turned on and off several times to make sure the output was in a stable mode. Again, the device was spun up to about 40 g level, then, the device output increased to 3.588 V and the supply current jumped up to 113.7 mA. To clear this mode, the power had to be recycled. The output retumed to 27 mV, but the device remained nonhctional.
When the device is in high g-level mode, the device starts drawing a tremendous amount of current and the output is stuck at high level. This appears to be an effect ofthe micromechanical sensor and CMOS electronic components interaction. Devices were delidded for SEM analysis. None ofthe devices functioned after delidding. The die was too delicate to touch and none ofthe delidding attempts seemed to work successfully. Therefore, localized irradiation of the sensor element was impossible for this device, and it was not possible to perform additional diagnostic tests. 
HDR Test Result
This CMOS fabricated device exhibited small changes in the output g-level response at low total dose levels, and failed functionally at 4 krad(Si) with a dose rate of 25 rad(Si)/s. The output of the device stuck at high level (4.86 V) as shown in Figure 12 . The JPL HDR CO-60 room type irradiator was used for irradiation. Devices did not show any indication of annealing during 24 hours at room temperature. However, the output LDR test at 0.005 rad(Si)/s was performed with the JPL Co-60 room type irradiator. Results showed that the output of the sensor stuck at high 4.86 V after 4 krad(Si) of irradiation. This result is very similar to the high dose rate result. However, LDR irradiated devices did not recover at 168 hour room temperature and 100 OC annealing. The results at LDR and HDR indicate that extremely sensitive CMOS circuitry is responsible for lowlevel total dose failures compared to the ADXL5O BiCMOS device.
IV. DISCUSSION
The two microelectromechanical sensors that are discussed in the paper show unusual failure modes when they were subjected to ionizing radiation. The BiCMOS device functioned at much higher radiation levels than the sensor that is fabricated with CMOS technology, although the two devices also use different sensor designs and device architectures.
Localized irradiation of the sensor element in the A D Z 5 0 showed that the sensor element is affected by radiation, as well as the peripheral electronics. This may be caused by charge build up in the oxide under the polysilicon sensor structure. Results of total dose irradiation and SEM localized irradiation of the sensor indicate that if only the sensor is irradiated the output transfer curve shifts up. However, when the whole device was irradia~ed~ then not only did the transfer curve shift up, but hysteresis effects were seen that resulted in the sensor losing functionality unless it was accelerated to levels above 30 g with bias applied.
The proton test results also indicates similar responses, but the transfer curve shifted down when only the sensor element was irradiated. A hysteresis-like effectwas also seen after proton i~adiation, but the device only functional at levels above 30 g.
The failure mode of the CMOS device was also complex, although it failed at a far lower level than the BiCMOS device at a high dose rate. Low dose-rate tests didnot change the failure level of the device. It seems that the CMOS output circuitry of the device dominates the radiation failure threshold. Unfortunately, devices could not be delidded to test locally different sections of the device due to the extreme sensitivity of the internal sensor element.
The key issue for these devices is to understand how the EM § sensor technology and device architecture affect the results. These tests suggest that the interplay of the sensor and electronic devices affects both part types. Because the sensor is loaded with different dc voltages on the upper and lower capacitors, this causes electrostatic forces which are several times larger than the mechanical restoring forces [6] . The charging of the oxide under the sensor element can change the capacitance which affects Vpr and the output voltage of the device. This is consistent with the upward or downward shifting of the transfer curve after irradiation.
V. CONCLUSIONS
Two different MEMS accelerometers were tested for sensitivity to ionizing radiation. Even though the design of the sensor components was similar, the sensitivity to total dose radiation was quite different due to the technology difference of the supporting electronic circuits. The sensor with a BiCMOS structure integrated circuit (IC) was more tolerant to total dose irradiation compared to the sensor fabricated with a CMOS supporting IC. This is similar to the results obtained for other COTS devices that do not contain MEMS elements.
Localized irradiation of the sensor element showed that both the sensor and the supporting electronics were affected by ionizing radiation, although this may not be the case for all types of sensors that can be used in MEMS devices. The small size, low cost, and versatility of MEMS devices will likely be of great interest in future space systems. Further studies and increased understanding of their radiation failure mechanisms will be needed in order to successfully apply them in space. However, the results in this paper show that existing accelerometer technologies can be used at sufficiently high levels to meet many space applications.
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